In order to commonly use explosive H 2 gas as an energy source, fast, sensitive, and low-power consumption sensor is required. We developed a ball surface acoustic wave (SAW) sensor with porous PdPt alloy film to realize such a sensor. The sensor with 20% Pt alloying film was useful for the suppression of a phase transition of Pd and the detection of ppm order concentration at 35°C. The amplitude response was proportional to the square root of the concentration, which was demonstrated for the first time in the field of SAW sensor, resulting in the detection limit of 3.7 ppm at signal to noise ratio of 3. The response time decreased to 1/5, compared with those of pioneering H 2 sensors working at room temperature. From these results, it was shown that the fastest and most sensitive hydrogen sensor working at room temperature could be realized using the ball SAW sensor with porous Pd alloy film.
Introduction
In order to commonly use explosive H 2 gas as an energy source, fast and sensitive sensor is required for earlier detection of the leakage. A field effect transistor (FET) sensor 1) with palladium gate electrode is known as the most sensitive method. However, since it needs heating up to 150°C for accelerating the response speed, it is not suitable for monitoring use in terms of the power consumption. Therefore, the sensor working at room temperature (RT) is desirable.
As a sensor satisfying this demand, a resistive sensor using carbon natotube (CNT) with Pd nano-particles (NPs) 2) was developed, and achieved the measurement in the concentration range from 1000 to 10 ppm. Moreover, a planar surface acoustic wave (SAW) sensor is another candidate, and the detectability was 0.1% order, using a Pd film 3) and a composite film between Pd and copper-phthalocyanine. 4) However, recently, 100 ppm measurement was achieved using a semiconductive indium oxide film covered with thin Pt layer. 5) In this situation, we developed a ball SAW sensor, 6) that enhances the sensitivity using multiple-roundtrip propagation of SAW, and succeeded in measuring the hydrogen concentration from 100% to 10 ppm with PdNi alloy film proof against a phase transition at high concentration hydrogen gas. 7) Although sensitive sensors working at RT were being realized, their response times at low concentration were not still sufficiently short. For example, the response times from 10 to 90% were typically hundreds of seconds at 100 ppm. 2, 5, 6) Although the ball SAW sensor may be realize the widest detection range, both the dissociation and the diffusion of hydrogen atoms into the sensitive film should be promoted to shorten the response time. They may be enhanced by increasing surface area such as porous structure and by alloying catalytic element such as Pt. In addition, Pt alloying Pd was proof against the phase transition. 8) Thus, although porous PdPt alloy film is promising, it has not been applied to the ball SAW sensor.
In this study, we develop the ball SAW sensor with porous Pd alloy film for realizing fast and sensitive hydrogen sensor working at RT. After summarizing the principle of the ball SAW sensor in section 2, we describe the fabrication method of the porous film and the measurement apparatus of the sensor response to H 2 gas in section 3. We show the results of the sensors with 2 and 20% Pt alloying films. Then, we evaluate the concentration dependence of the sensor response to estimate the detection limit in section 4. Finally, we discuss the response mechanism and compare the response time of the ball SAW sensor with those of other sensitive methods in section 5.
Principle of Ball SAW Sensor
The principle of the ball SAW sensor is shown in Fig. 1 . A piezoelectric crystal ball such as quartz, langasite, lithium niobate, and so on, is used for a substrate. An interdigital transducer (IDT) with an aperture expressed by
is fabricated on the equator of Z-axis cylinder, where and D represent a wavelength of SAW and a diameter of the ball, respectively. When the IDT is excited by an rf pulse or a burst signal, a naturally collimated SAW beam propagates along the equator as a result of the balance between the diffusion due to diffraction and the focusing due to the spherical surface.
6) The collimated SAW is not scattered by the support of the sensor and propagates for a long distance typically over 1 m, forming multiple-roundtrip propagation.
When a sensitive film, that changes physical properties such as the density, elasticity, and conductivity, by the adsorption and absorption of hydrogen, is deposited on the propagation route, the velocity and attenuation of SAW are perturbed according to the gas concentration. The changes in the delay time and amplitude are proportionally amplified by the number of turns, resulting in highly sensitive sensor.
Although the use of a thick film is effective in accumulating hydrogen in the film and increases the sensitivity, it attenuates the SAW and decreases a signal to noise ratio. Moreover, it takes long time for an equilibrium state resulting in long response time. On the other hand, the ball SAW sensor enjoys the fast response of thin film since it compensates the sensitivity with the multiple-roundtrip propagation. Therefore, the ball SAW sensor can realize fast and sensitive response.
Experiment

Fabrication of porous Pd alloy film
In a sputtered film, typical tendency of a structure with a substrate temperature and an Ar pressure was investigated, 9) although it was verified from thick films of Cu, Al, Ti, Mo, Cr, and Fe in a thickness of tens of µm. We assumed it to be applicable to co-sputtered thin film of Pd and Pt using an rf magnetron sputtering in a thickness of tens nm. When the substrate temperature is 25°C, the generation of fibrous columnar and porous columnar structures is expected at Ar pressure of 0.67 and 2.7 Pa, respectively.
Firstly, in order to check above-mentioned assumption, we deposited Pd films at these pressures and measured the resistivity. The resistivity of the film at 0.67 Pa was 3.3 µ³·cm but that at 2.7 Pa was 16 µ³·cm. Thus, it was suggested that the porosity was increased as the pressure was increased.
Next, using the pressure of 2.7 Pa, we deposited PdPt alloy films. Pt content was changed by an input power to the target with the power to Pd target constant at 50 W, and was checked using an energy dispersive X-ray spectroscopy. Pt content was 2% at 10 W, but increased to 20% at 20 W.
Specification of the ball SAW sensor was as follows; the substrate was optically polished langasite ball with a diameter of 3.3 mm, fabricated by Natsume Optical Corporation. A normal-type IDT with three pairs was fabricated from a Cr film of 100 nm thickness by a subtractive method. The aperture was 230 µm at 150 MHz using eq. (1). A line and space was 4.0 µm. Before the deposition of the sensitive film, the device was ultrasonically cleaned using organic solvents in order of acetone, 2-propanol, and deionized water, where each cleaning was performed twice for 5 min. 2 and 20% Pt alloying films were deposited by 30 and 40 nm, respectively, on about one third of the propagation path using a stencil mask.
Measurement apparatus
A schematic diagram of the measurement apparatus is shown in Fig. 2 . In order to adjust H 2 concentration H 2 N 2 mixed standard gas was diluted with highly pure N 2 gas (G1 grade) using the digital mass flow controllers (MFCs) so as to be total flow rate of 50 cm per minute at 25°C (ccm). 3%H 2 N 2 gas was used for high concentration measurement from 3 to 0.1% and 0.1%H 2 N 2 gas was used for low concentration measurement from 1000 to 20 ppm.
A pipework was fabricated with SUS316 pipes of outer diameter of 1/4 inch before MFCs and of 1/16 inch after MFCs. The sensors with PdPt alloy film (sensor A) and without the sensitive film (sensor B) were connected in series, where each sensor was set in a sensor cell with a dead volume of about 0.005 cm 3 and the temperature kept constant at 35°C using a Peltier device.
The delay time and amplitude at the 10th turn were measured using a digital quadrature detector. 10) In the delay time measurement, fractional delay time change of sensor A was subtracted by that of sensor B to compensate the drift due to the temperature change of the sensor due to the gas flow. Fractional delay time change is defined by
where t is a delay time and t 0 is its initial value. An amplitude change in dB unit is defined by where V is an amplitude and V 0 is its initial value. t 0 and V 0 set to the values at the first change of H 2 concentration. Noise was evaluated from an rms value of the response during N 2 period for 3 min.
Results
Sensor with Pd2%Pt alloy film
A result of the low concentration measurement using the sensor with Pd2% Pt alloy film was shown in Fig. 3 . Figures 3(a) and 3(b) show ¦t/t 0 and ¦A, and the bottom one shows a setting value of H 2 concentration. Clear amplitude response was observed in the concentration from 1000 to 20 ppm, compared with the delay time change.
However, abnormal delay time response was appeared in high concentration measurement at 3% as shown in Fig. 4 , indicating the occurrence of a phase transition of Pd.
After the measurement, the sensitive film was observed by topography of a scanning laser microscopy. Figure 5 shows a result, where white area represents a height over 100 nm. Although hydrogenation of Pd is reversible reaction, 8) but the dilatation during the phase transition leaves irreversible plastic deformation, resulting in a rise. Since the rise was three times higher than the thickness, the delamination was occurred. Therefore, 2% Pt alloying was not suitable for the sensor covering wide concentration range.
Sensor with Pd20%Pt alloy film
Pt composition was increased to 20% to improve the resistance to the phase transition. Figure 6 shows a result of high concentration measurement using the sensor with Pd20%Pt alloy film. Abnormal response at 3% was not appeared. To verify the effect on the suppression of the phase transition, the topography was observed as shown in Fig. 7 . The rise such as shown in Fig. 5 was not appeared. Therefore, 20% Pt alloying film was useful for the suppression of the phase transition. Although the polarity of the amplitude response was changed from that of 2% Pt alloying film sensor, it could be explained by acoustoelectric effect (AE), 11) where the magnitude of the attenuation is expressed by Lorenzian function of the conductivity, expressed by eq. (7) shown in section 5.1.
Next, a result of the low concentration measurement is shown in Fig. 8(a) . Clear amplitude response was observed again. The signal to noise ratio of the response at 20 ppm concentration was 7.6, comparable to the best result of the ball SAW sensor with Pd30%Ni alloy film.
6) Moreover, the response time from 10 to 90% at 1000 ppm was 4.1 s as shown in Fig. 8(c) . Figure 9 shows the concentration dependence of an amplitude change, plotted with log-log scales. The amplitude response can be expressed by a square root function of the concentration. Although similar dependence were reported in FET 1) and resistive 2) sensors, it was for the first time in SAW sensor. The detection limit at signal to noise ratio of three was 3.7 ppm.
Discussion
Origin of square root concentration dependence
Hydrogen dissolving reaction is expressed by
and an equilibrium constant K 1 is expressed by
where [H] represents the concentration of dissolved atom and p H 2 represents partial pressure of H 2 gas, respectively. Therefore, [H] is expressed by
This square root dependence is called as Sievelts's law in metallurgy.
In the resistive sensor using Pd, 2,7) the response, ¦μ/μ 0 = ¹¦·/· 0 is proportional to [H] , where ¦μ, μ 0 , ¦·, · 0 are incremental and initial values of the resistivity and conductivity, respectively. This conductivity change causes the attenuation change, ¦¡, in SAW sensor through AE effect, 11) which is expressed by
where k is a wave number, K is a electromechanical coupling coefficient, v 0 is SAW velocity of the substrate, c s is the sum of dielectric permittivities of the substrate and the air, and · s is the conductivity of the sensitive film. 11) ¦¡ is maximized when · s becomes v 0 c s . In the case of · s ¹ v 0 c s , eq. (7) is approximated to Equation (8) shows that ¦¡ decreases proportionally to ffiffiffiffiffiffiffiffiffiffi ffi ðp H 2 Þ p , when · s decreases to · 0 ¹ ¦· by PdH reaction. Thus, the square root dependence in the ball SAW sensor's amplitude response could be explained by Sievelts's law and AE effect. Upper triangle ( ), 3) square ( ), 4) and lower triangle ( ) 5) represent the results of planar SAW sensors. Cross (©) 2) represents that of resistive sensor. The response time of the ball SAW sensor decreased to 1/5 times of the best value of planar SAW sensor and resistive sensor. Such a short response time may be explained by increasing surface area due to porous structure, shorting an equilibrium time due to tens nm thickness, and promoting dissociation of H 2 molecule due to Pt alloying.
Conclusions
In order to realize fast, sensitive and low-power consumption hydrogen sensor, we developed a ball surface acoustic wave sensor with porous PdPt alloy film. The sensor with 20% Pt alloying film was useful for the suppression of a phase transition of Pd and the detection of ppm order concentration at 35°C. The phenomenon, that the amplitude response was proportional to the square root of the concentration, was demonstrated for the first time in the field of SAW sensor. The detection limit was 3.7 ppm. The response time decreased to 1/5, compared with those of pioneering H 2 sensors working at room temperature. From these results, it was shown that the fastest and most sensitive hydrogen sensor working at room temperature could be realized using the ball SAW sensor with porous Pd alloy film. represents this study. , 3) , 4) and 5) represent planar SAW sensor. © 2) represents resistive sensor with CNT with Pd-NPs.
